The SUV3-1 mutation was isolated earlier as a suppressor of a deletion of a conserved RNA processing site (dodecamer) near the 3' end of the vart gene. Previous studies indicate that the suppressor enhances translation of mutant var1 messages; unexpectedly, it also causes over-accumulation of excised intron RNA of the large rRNA gene intron and blocks cleavage at the dodecamer site within that intron. In this study most mitochondrlal genes in SUV3-1 and suv3 nuclear contexts are surveyed for changes in levels of mRNA, for interference with dodecamer cleavage and splicing and for levels of excised intron RNAs. SUV3-1 has little or no effect on the size or abundance of unspliced RNAs tested. It results, however, In a marked increase in the abundance of seven of eight excised group I intron RNAs tested, most of which are not detectable in wildtype (suv3) strains. The suppressor lowers levels of the cob and coxl mRNAs about 2-5 and 20-fold, respectively. The effect on coxl mRNA results from a decrease in the splicing of its intron 5/3. Despite the reduction in these mRNA levels, the amounts of coxl and cyt b polypeptides were close to wild-type levels in SUV3-1 cells. These data show that the suv3 gene plays a prominent role in post-transcriptional and translation events in yeast mitochondria.
INTRODUCTION
The expression of yeast mitochondria] genes is regulated primarily through post-transcnptional processes. In many cases RNAs are transcribed as multigenic precursors that must be processed to form mature mRNAs, rRNAs and tRNAs (I-12). Potential points for control of mitochondrial gene expression include, therefore, 5' and 3' RNA processing, splicing, and RNA stability. There is, in addition, increasing evidence that mitochondrial gene expression is controlled by nuclear genes at the level of translation and, possibly, by control of assembly of mitochondria! protein complexes. Several genes are needed for splicing of mitochondrial introns (13 -16) , for translation of specific mRNAs (17 -20) and one is required for stability of one mRNA (21, 22) . Recent evidence indicates that a heat shock protein, hsp60, plays an important role in mitochondnal assembly processes (23) .
We have recently described a dominant nuclear suppressor, called SUV3-1, that affects several mitochondrial posttranscnptional processes. SUV3-1 was originally isolated (24) as a spontaneous suppressor of a varl gene mutant, PZ206 (25) . That mutant contains a deletion of a conserved 3' processing sequence, 5'AATAATATTCTT-3' (24), at which the 3' end of mature varl mRNA is formed. The PZ206 mutation causes the synthesis of varl transcripts with aberrant 3' ends that are quite unstable relative to the wild-type mRNA. Since PZ206 has no detectable mitochondrial protein synthesis it appears that the novel varl transcripts are also poorly translatable. SUV3-1 appears to enhance the translation of those atypical varl transcripts, since neither their abundance nor the location of their 3' termini is altered (24) .
The only other gene analyzed previously in the SUV3-1 background is the w intron of the 21S rRNA gene. That intron contains a reading frame encoding a site-specific endonuclease required in crosses for the quantitative transmission of the intron to 21S rRNA gene alleles lacking the intron (26) (27) (28) (29) . The w intron is one of a growing number of examples of mobile introns that encode a recombinogenic endonuclease (30) . Surprisingly, it was found that the SUV3-1 mutation abolishes cleavage at the dodecamer that follows the intron reading frame and causes a striking overaccumulation of the excised intron RNA (31) .
In this report we show that the effects of the SUV3-1 mutation on mitochondrial RNA metabolism and gene expression are not limited to the varl gene and 21S rRNA gene intron. SUV3-1 causes most other group I intron RNAs to accumulate but does not alter 3' end processing of any of the mRNAs tested. It was unexpected to find that SUV3-1 interferes with splicing of at least one intron of the coxl gene and that that effect was chiefly responsible for a dramatic reduction of the amount of coxl mRNA; yet, the level of respiratory activity in such cells was barely reduced. These results suggest a critical role for SUV3-1 and its wild-type allele, suv3, in nuclear control of mitochondrial gene expression. 
MATERIALS AND METHODS

Strains.
The nuclear genomes used in this study are from the strain ID41-6/161 (a ade2 lys suv3) and a derivative of it containing the spontaneous SUV3-J suppressor mutation. Three different mitochondria] genomes were also used, each in association with each nuclear genome: 1) mtDNA from strain L5230 (28) , containing the 21S rRNA gene intron and the 5 and 7 intron forms of the cob and coxl genes, respectively; 2) mtDNA from strain D273-10B (32, 33) , containing the rRNA gene intron and the 2 and 5 intron forms of the cob and coxl genes, respectively; mtDNA from petite Fl 1 (7) containing 12 kb of the mtDNA of strain KL14-4A including the intron-containing allele of the 21S rRNA gene. Each strain analyzed is described according to the type of mtDNA present and its nuclear suppressor allele, for example, strain L5230/SUV3-1 contains mtDNA from strain L5230 in the presence of the mutant allele of the suv3 gene. Cytoductions to prepare the six combinations of nuclear and mitochondrial genomes were carried out using a karl strain as described in reference 34. Mutants L5-835 and K, truncating the en and aI4a reading frames, respectively (28, 35) , were used to test effects of intron reading frame integrity on accumulation of excised intron RNAs.
Biochemical methods.
Cells were grown, converted to spheroplasts, mitochondria isolated by differential centrifugation and purified by flotation in Percoll gradients and RNA purified as described in reference 12 with modifications as in reference 36. RNAs were fractionated on 1.5% agarose gels containing 6M urea and blotted to Zetaprobe or nitrocellulose membranes as described in (36) . The hybridizations yielding the RNA blot data of Figure 2 were carried out as in reference 36 except for the cobI3, oxi3I3 and for bll and all Panel C shows northern blots using probes specific for three messages lacking introns and the large and small rRNAs. Hybndizalion at, and near, the origin of most lanes results from RNA aggregates and DNA, respectively.
varl blots; these blots were hybridized as above, but washed in prehybndization buffer at 42 °C . All other blots were carried out as follows: membranes were prehybridized and hybridized at 42°C in 5x SSPE (lx SSPE is 0.18 M NaCl, 10 mM NaPO 4 , pH 7.7, 1 mM EDTA), 50% formamide, 5x Denhardt solution, 0.1% SDS, 0.5 mg/ml of sonicated calf thymus DNA. The membranes were then washed twice after hybridization with 5 X SSPE at 42°C for 15 mm, once with 1 x SSPE, 0.1 % SDS at 42°C for 30 min, and once with 0.1 X SSPE, 0.1% SDS at 25°C for 15 mm. Nick-labeled probes of coxl and cob transcripts were prepared from cloned restriction fragments of mtDNA indicated in Figure 1 . Plasmids used to probe other stable RNAs are: varl, pBR322-rar7 (12) 32 P]dATP at the 3' Eco RI site was used to assay dodecamer cleavage of the coxl mRNA. Details of the SI protection protocol employed are provided in reference 36. The general procedure for specific labeling of yeast mitochondnal translation products with 35 S-SO 4 2~ has been previously described in reference 37.
RESULTS
SUV3-1 has diverse effects on wild-type mitochondria! RNAs
To determine if SUV3-1 influences RNA processing events of transcripts other than the varl and fit1 genes, we surveyed the effects of this allele on transcripts of most other mitochondrial structural genes. In the first experiment, we analyzed transcripts of the cob and coxl genes of wild-type strain L5230 in SUV3-1 and suv3 nuclear backgrounds. We used both intron-specific probes and probes containing both intron and exon sequences, in northern blot hybridizations to total mitochondnal RNA from a suv3 (wild-type) strain and an otherwise isogenic SUV3-1 strain. The locations of group I and group II introns in the cob and coxl genes and the sequences used as probes are shown in Fig. 1 . The figure also indicates which introns contain open reading frames. Note that some of the probes contain substantial portions of both intron and exon sequences (e.g., bll +2 and bI4), while others contain only intron sequences (e.g., bI3 and aI2). The aI5y probe is derived from strain D273-10B and contains the part of the coxl gene shown, lacking introns 5a and 5/3; the aI4 probe derives from strain ID41-6/161 A1-3, cleanly deleted for introns 1-3 (see reference 35) , as shown in the Figure. Figure 2A shows a series of Northern blots hybridized with probes for the group I introns bI3, bI4, bI5, aI3, aI4 and aI5/3; bI2 is analyzed in Fig. 2B , using the probe bll +2. A number of alterations of the wild-type transcript patterns are evident in the SUV3-1 samples. First, in the SUV3-1 strain, for all of the group I introns surveyed except for bI5 there is an RNA the approximate size of the excised intron that is greatly reduced in amount, or absent, from the control strain. Earlier studies of mitochondnal transcripts have failed to detect accumulated excised group I intron RNAs except for the rRNA gene intron (1, 6, 7, 10) . Our data using the suv3 strain confirm those earlier findings. Thus, the effect of SUV3-1 on the rRNA gene intron reported earlier (31) probes were hybridized with RNA from either SUV3-1 or suv3 strains and digested with SI nuclease The SI protected probes were resolved on a 5% acrylamide gels containing 8M urea Labeled probe was mock-hybndized in the absence of mitochondnal RNA and incubated with and without SI nuclease as controls #X174 DNA digested with Hae U was used as molecular weight markers cells is intron 5 of the cob gene, the only such intron of these strains that lacks an open reading frame.
Second, as seen with probes containing significant exon sequences (bll +2, bI5, aI4 and aI5 ), the abundance of the mature cob and, especially, coxl messages is reduced in SUV3-1 cells (Figure 2A, B) . And, finally, the major precursor RNAs differ significantly between SUV3-1 and suv3. For example, in the SUV3-1 strain, the two largest of three predominant RNAs detected with the bI3 probe are precursors containing exons plus intron 3; the smallest of these RNAs is the excised bI3 ( Fig. 2A) . Those precursors are barely detected in RNAs from the suv3 strain, probed with either intron 3 or exon sequences. For coxl there is a predominant partially-spliced RNA precursor in the SUV3-1 background containing exons and intron 5/3 ( Fig. 2A) . A companson of the Northern blots of cob and coxl RNAs, . Effects of intron configuration on mRNA levels in SUV3-I cells Mitochondnal RNA was isolated from SUV3-1 and suv3 harboring either the D273-10B or L523O mitochondnal genomes Mitochondria] DNA from strain D273-10B lacks coxl introns 5a and 50 and cob introns 1 -3, all of which are present in mtDNA from strain L523O The RNAs were fractionated on 1 5% agarose gels containing 6M urea and electrophoretically transferred to Hybond-N membrane The blots were hybridized with the aI4 or the bIl+2 probes diagrammed in Figure 1 particularly with the bll +2 and aI57 probes, shows a number of unprocessed RNA species that also differ between SUV3-1 and suv3.
In contrast to most group I introns, the group II excised intron RNAs normally accumulate to detectable levels in wild-type cells (e.g., 6, 38, 39) . With the apparent exception of bll, however, SUV3-1 has no effect on the abundance of three excised group II introns, two of which have open reading frames (all and aI2 [not shown]) and one of which does not (aI5). Of the four group II introns, only the level of excised bll (which has no reading frame) is appreciably increased in SUV3-1 cells.
Next we examined transcripts from protein-encoding genes lacking introns, three of which are shown in Fig. 2C , as well as the 2IS and 14S rRNAs. As seen with most group II introns, the accumulation of these RNAs is not influenced by SUV3-1. Approximately control levels of olil, varl, and coxlll mRNAs, as well as the mRNAs for aapl, coxll and oh2 (not shown) are present in the SUV3-1 strain, suggesting that neither the processing of these RNAs nor their stability is altered by the suppressor. Since the size of each mRNA detected is the same in both samples, it is likely that those dodecamer cleavages are unaffected by the suppressor (see below).
Analysis of reduced levels of cob and coxl mRNAs A plausible explanation for the decrease in the level of cob and coxl mRNAs in the SUV3-1 strain is diminished dodecamer processing. That would divert much of the RNA to novel forms with 3' extensions; from our experience with such alteration of the varl message (24), those RNAs would probably be unstable and/or poorly translated. To test this hypothesis, mitochondrial RNAs from SUV3-1 and suv3 strains were analyzed by SI nuclease-protection to map the 3' ends of the coxl and cob transcripts. As shown in Fig. 3 , mitochondrial RNAs from both SUV3-1 and suv3 yield the expected 145 nt protected fragment corresponding to RNAs cleaved at the coxl dodecamer, and a 418 nt protected fragment corresponding to processing of an RNA at the cob dodecamer. (With the coxl probe, an additional SI protected fragment of 197 nt is also observed in both RNA preparations. This fragment corresponds to a processing event downstream of the dodecamer and may be related to the cotranscribed aapl-oli2 mRNA). Using the same SUV3-1 RNA preparation, there is no detectable cleavage at thefitl dodecamer (not shown), as we have documented previously (31) . These data demonstrate that the cob and coxl dodecamers are accurately processed in SUV3-1 cells, making the first hypothesis quite unlikely.
A second plausible explanation for the decrease in mature cob and coxl messages is an alteration or reduction in splicing of the precursor RNAs. This possibility is supported by the observation that the pattern of precursor RNAs in SUV3-1 is both qualitatively and quantitatively different from wild-type (see Fig. 2 ). Furthermore, splicing of bD and aI5/3, in particular, appear to be significantly reduced. In SUV3-1 cells the predominant cob precursor contains bD while the major coxl precursor contains aI5/3; importantly, those specific precursors are not abundant in control samples.
To test this notion, mitochondrial RNAs from strains lacking these introns were examined by Northern blot analysis ( Figure  4 ). The mitochondrial genome from strain D273-1OB, which lacks the optional cob introns 1 -3 and coxl introns 5a and 5/3 (32, 33, 40) , was introduced by cytoduction into g° derivatives of the SUV3-1 and suv3 strains. The relative abundance of coxl and cob mRNAs in the cytoductants was then determined using probes aI4 and bll+2, respectively (see Figure 1) . Figure 4 shows that the SUV3-1 strain harboring the D273-10B mitochondrial genome has about the same amount of coxl message as does the suv3 control strain, suggesting that the reduction in coxl message in the SUV3-1 strain with the long form of the gene is due to diminished splicing of one or more of the optional introns. Inspection of the data of Figure 2 shows that the most prominent coxl precursor RNA that accumulates contains exon sequences and intron 5/3, suggesting that splicing of that intron is rate limiting for coxl message formation in the SUV3-1 background. In contrast, despite the accumulation of cob precursors containing unspliced intron 3, the short form of the gene lacking that intron does not fully relieve the reduction in the level of cob message in SUV3-1 cells. While it is clear that bI3 splicing is somewhat deficient in SUV3-1 cells, there is evidently some additional way in which the level of cob mRNA is affected.
Cyt b and coxl proteins accumulate at nearly wild-type levels in SUV3-1
Since the cob and coxl mRNA levels are significantly reduced in SUV3-1 cells containing the 5 and 7 intron forms of those genes, respectively, it might be expected that the levels of their protein products would be correspondingly diminished and thus affect cellular respiration. Measurements of both cytochrome oxidase activity and whole cell respiration indicate, however, that these activities are no less than half those of suv3 strains (not shown). To compare more directly the amount of cyt. b and coxl polypeptides in SLJV3-1 and suv3 strains, products of mitochondrial protein synthesis were specifically labeled in vivo with 35 Figure 5 . Cytochrome b and coxl polypeptidcs are present it near wild-type levels in SUV3-I cells. Mitochondria! translation products were labeled m vivo in SUV3-I and suv3 cells containing mtDNA of strain L5230 and analyzed on an 11 % polyacrylamide SDS gel as described in Materials and Methods. The identities of major protein bands are indicated mRNA levels of both genes, and particularly coxl, in the SUV3-1 background, the amounts of the major protein products, including cyt b and coxl, are comparable to those in the suv3 strain ( Figure 5) .
Mitochondria] translation is not required for the accumulation of excised group 1 introns in SUV3-1 cells
The above results, and data suggesting that SUV3-1 suppresses the varl dodecamer deletion by allowing translation of aberrant (and otherwise poorly translated) varl transcripts (24) , are consistent with the notion that the SUV3-1 allele leads to an increase in the efficiency of mitochondrial translation. One possibility, therefore, to account for the apparent enhanced stability in SUV3-1 cells of those group I intron RNAs that contain Figure 6 . Mitochondrial protein synthesis is not required for accumulation of excised u intron RNA in the SUV3-1 strain Mitochondrial RNA was isolated from SUV3-1 and suv3 strains harboring the petite Fl 1 genome and fractionated on 1 5% agarose-6M urea gels. Northern blots were probed with an u intronspecific 495 bp Hind III fragment (36) . The 1 1 kb excised intron and the 2 7kb RNA terminating at the dodecamer are indicated open reading frames, is that because of enhanced mitochondria] protein synthesis, ribosomes might bind to the excised introns protecting them from degradation. It is consistent with this notion that the only intron analyzed that does not accumulate detectably is bI5, the only one lacking a reading frame (see Figure 2A) . According to this model, the increase in abundance of the excised introns in SUV3-1 cells should not occur in a petite strain in which mitochondrial translation is absent. To test that prediction, we compared the abundance of the excised w intron in SUV3-1 and suv3 cells containing the petite mitochondrial genome, Fll, which harbors an 12 kb mtDNA repeat unit containing the entire co + 2IS rRNA gene (7) . Despite the absence of mitochondrial protein synthesis, the SUV3-1 Fl 1 strain nevertheless accumulates significantly higher levels of excised intron RNA than does the suv3 -Fl 1 strain (Figure 6 ). In addition, a diagnostic 2.7 kb transcript, consisting of most of the 21S rRNA upstream exon and the intron up to the 3' dodecamer cleavage site (36) , is nearly absent in SUV3-1-Fl 1 mitochondnal RNA, as it is in SUV3-1 Q + CO + strains (31) . We have obtained similar results for w and aI4 in strains in which the reading frames of those introns contain frame shift mutations (not shown). These data clearly demonstrate that mitochondnal protein synthesis plays no direct role in the accumulation of excised group I introns in a SUV3-1 background.
DISCUSSION
SUV3-1 has pleiotropic effects on post-transcriptional processes in mitochondria A single nuclear mutation, SUV3-J , was originally isolated as a suppressor of a deletion of a conserved dodecamer at the 3' end of the varl gene (24) . In testing the effects of this suppressor on a dodecamer mutation in another mitochondnal gene, fit!, we unexpectedly found that the suppressor also influences a number of post-transcriptional activities in mitochondna, including RNA accumulation and translation (36) . Some of those effects are summarized in Table 1 together with the main observations of this study. The present findings suggest that the wild-type suv3 allele is likely to play an important role in nuclear control of mitochondrial gene expression.
A growing number of nuclear genes have now been identified that are required for mitochondrial gene expression in yeast (see [41] for a review). Most of those genes are mitochondnal-gene specific and act at some particular post-transcnptional or translational step. SUV3-1, however, appears to have a broad influence on mitochondrial gene expression, affecting RNA processing and translational activities of at least four genes, cob, coxl, varl and fit!. Additional evidence suggests that SUV3-1 influences RNA stability in mitochondna as well. In SUV3-1 cells, there is a dramatic increase in the steady-state amount of most excised group I intron RNAs, nearly all of which are not detectable in wild-type cells. The only excised intron RNA we have not detected in either nuclear background used here is intron 5 of the cob gene. Interestingly, that intron does not contain an open reading frame.
Although translation appears to be influenced by the SUV3-1 mutation, such an effect is not responsible for excised group I intron RNA accumulation reported here. Neither a petite mutation, as in the case of the Fll deletion, nor frame-shift mutations in the ORFs of two group I introns, which do not alter splicing, affects the abundance of those excised intron RNAs in SUV3-1 cells. While it is possible that the failure of excised bI5 to accumulate in SUV3-1 is related to the absence of an ORF in that RNA, it may only be coincidental. Perhaps some other fundamental difference between that intron and other group I introns accounts for its different behavior in SLJV3-1 cells; alternatively, suv3 may increase the abundance of that RNA but not up to the threshold of detection of these experiments. Further experiments will be necessary to resolve this point.
Effects on Dodecamer cleavage
In a previous study we have shown that SUV3-1 blocks cleavage of the w intron dodecamer (31) . In the present study, SI nucleaseprotection experiments show that cleavage at the cob , coxl, and varl dodecamers is unaffected. Since the lengths of six intronless mRNAs whose genes lack introns (including varl) are unaltered by the suppressor, we conclude that the effect on processing of the intron dodecamer is probably unique.
Why, then, is cleavage of the rRNA gene intron dodecamer specifically blocked in SUV3-1 cells? Previous analyses of the distribution of cleaved versus uncleaved forms of excised intron RNA indicate that cleavage of that dodecamer may be quite inefficient (10) . Consequently, if the SUV3-1 allele causes some genera] reduction in dodecamer processing, the relative reduction in cleavage of an already inefficiently cleaved fit! dodecamer could be significant and lead to a loss of observable processing at that site. Also, the consequences of SUV3-1 on very efficiently cleaved dodecamers might be innocuous and not lead to any detectable phenotype. With the exception of the dodecamer at the end of the olil gene, all dodecamers are identical in sequence (9) . However, the fit! dodecamer is unusual because it contains the termination codon of the reading frame. Context effects could therefore play a significant role in determining the rate of processing of each given dodecamer.
Effects on Splicing
The SLJV3-1 allele reduces the efficiency of the splicing of two mitochondrial introns, bI3 and aI5/3 The effect on aI5/3 splicing is responsible for the significant reduction in the amount of coxl message, since a form of the gene lacking that intron produces the control amount of coxl mRNA in SUV3-1 cells. An interesting possibility to account for the reduction in aI5/3 splicing is the potential effect on splicing of a consensus dodecamer in that intron located just 11 bp from the 3' splice junction. Although there is no evidence that the aI5/3 dodecamer is cleaved, or that the intron reading frame is translated (see 40) , that dodecamer could, nevertheless, be recognized by a putative dodecamer binding protein. In SUV3-1 cells the interaction between the protein and the dodecamer could be perturbed so as to interfere with formation of the folded structure needed for splicing. We consider this a reasonable possibility since the SUV3-1 allele eliminates processing at a dodecamer present in another intron, the w intron of the 21SrRNA gene (31) ; in that case there is no interference with splicing, perhaps because that dodecamer is not so near a splice junction or other splicing signal.
It is more difficult to apply similar arguments to account for the more modest reduction in the amount of cob mRNA in SUV3-1 cells. Although unsphced precursor RNAs containing intron 3 accumulate in the SUV3-1 strain, indicating a reduced efficiency of splicing that intron, the absence of that intron does not significantly increase the level cob mRNA in SLJV3-1 cells. This suggests that some other step in the production of mature cob message is limiting in that case.
The suv3 gene product may be a component of a complex responsible for transcription, processing, and translation. In the mutant form, all of these processes could be altered, though to varying extents for each RNA. Alternatively, suv3 may play a role in assembly of the complexes necessary for transcription, processing and translation, so that inaccurate assembly in the mutant SUV3-1 background could alter the specificity or efficiency of these processes. Though the mechanism of suv3 action remains to be elucidated, the mutant identifies a unique nuclear gene that influences several mitochondrial processes essential in gene expression.
